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Currently, radionuclide angiocardiography has charges of this Task Force was to define the become a widely used clinical method for assessing normal range for nuclear cardiologic parameters global and regional left (LV) and right ventricular of cardiac function. Factors which could account (RV) function at rest and during physiologic for differences in normal values between various stress 11 "*'. In order to set internationally accept-laboratories include: definition of the 'normal' able standards for these procedures, the Council population employed, physiological parameters on Clinical Cardiology of the International Society such as basal state at rest or type and intensity of and Federation of Cardiology and the World exercise stress applied and the technical aspects of Health Organization appointed a Task Force on the different methodologies used. Despite such Nuclear Cardiology (appendix 1). One of the possible differences in performing radionuclide angiocardiography, a large amount of data on normal subjects has been reported in the litera-
Principal considerations
In developing a range of normal, several principal considerations would appear to be relevant. The definition of a 'normal' population is often based on normal findings at left heart catheterization but latent myocardial disease may be missed by anatomical and functional assessment only at rest"' 68 '; the symptomatology responsible for invasive cardiac study may add to doubts whether such catheterization defines the 'true normal'. Alternatively, clinically healthy volunteers with an extremely low probability of disease have been studied' 9 '; here 'hard data' concerning myocardial perfusion and coronary anatomy are missing, but the number of subjects with clinically hidden cardiac disorders is reduced. Both of these approaches have been used to define normal standards for radionuclide angiocardiography.
Physiologic parameters such as age, sex and body weight all may influence parameters of myocardial function' 10 " 13 'and should be considered when normal values are defined. It is well known that physical training improves exercise performance' 14 ' 1 " and that normal values may differ between athletes and sedentary people. Psychological imbalance, excitement or fear all affect the cardiovascular system in many ways' 16 'and should be excluded in order to obtain resting measurements in a true basal state. Obviously, cardioactive medication may interfere with the assessment of normal function' 1718 '. For 'exercise' measurements many additional factors have to be considered such as type of stress applied' 19 -20 ', exercise protocol followed' 21 ~2 31 , body position' 24t25 'etc.
In addition, differences in normal values may arise from various methodological aspects. There might be differences between first pass and equilibrium (multiple gated) radionuclide function studies' 26 '. Radioactive dose applied, acquisition time, acquisition equipment all may influence results. Even more important in everyday practice are type and reliability of data analysis (ranging from visual inspection to sophisticated computer programs) and the criteria used for interpretation of these results.
Despite this large number of variables influencing rest and exercise results, definition of the range of normal values as studies are currently performed would appear to be of considerable value -without eliminating the need for each institution to determine its own normal values based on its particular settings and protocol.
Methods
A questionnaire was sent to 41 representatives of leading centres in the field of nuclear cardiology worldwide selected by the Task Force asking 'What do you consider normal at your institution for routine nuclear cardiology procedures?' Each centre was asked to provide its own data and indicate exactly the definitions and methods used. Twenty-eight expert colleagues (68%) returned the 5 page, 100 question survey, 15 from the United States of America, 10 from Europe and 3 from other parts of the world (Appendix 2). No response was received from 5 centres from the United States, 5 centres from Europe and 2 centres from other parts of the world. Questions ranged from methodology used and physiological variables observed to mean normal values with standard deviations, lower limit of normal and to specific problems such as the interpretation of a higher than normal ejection fraction (EF) at rest not changing during exercise.
Based on the results of this first survey, a second questionnaire was sent to all responding centres asking for additional and detailed information for LV and RV function at rest and during exercise for the following subgroups: (1) selection of the normal population (defined by normal catheterization findings vs. normal volunteers with low probability of disease), (2) gender (male vs. female), and (3) age (<30 years, 31-40, 41-50, 51-60, >60 years). Additional questions concerned inter-and intraobserver variability, (physiological) variability over time and reproducibility of measurements.
Angiocardiographic results of 1200 'normal' subjects could be pooled to form a representative basis for normal standards. The number of patients contributed from each centre is shown in appendix 2. It was up to the expert colleagues in each centre to collect and describe their study population based on the available (retrospective) data base. Data of LVEF at rest was obtained from all 1200 subjects, whereas exercise results and values of RVEF were available from subgroups of 475 and 365 individuals, respectively.
Analysis of results
Answers on methodology were only analysed if at least 10 (> 1/3) institutions answered any particular question. Consensus was felt to be excellent if >85% of answers agreed, good if at least two-thirds and fair if only >50% agreed.
Weighted mean normal values and average standard deviations were calculated for parameters of cardiac function taking into account number of subjects, mean value and standard deviation of each institution (cf. appendix 3) 1271 . The lower limit of normal defined as mean value minus 2 standard deviations was averaged from values used in each centre. For subgroup analysis, data of centres which provided no detailed information on the different subgroups were excluded, i.e., for example, if the results of a certain centre was based solely on men, these data were not included for the comparison between values of men and women. Significance of differences between groups was calculated according to the formula given in appendix 3 with a confidence limit of 95% (/ ) <005); for differences between the multiple age groups, an analysis of variance test was applied.
Results

LEFT VENTRICULAR EJECTION FRACTION AT REST
Global LVEF at rest measured in the supine position in 1200 subjects from 24 centres after an average resting period of 14-8±12-2min was 62-3% with a mean standard deviation of ±61% (Table 1 , Fig. 1 ). The lowest normal value reported was 53 ±6%, the highest 70 ±7%. The lower limit of normal was considered to be 511 ±4-2% (range 45-60%). There was only a fair consensus on whether a 'hyperdynamic state' should be diagnosed in cases with a high resting EF, this value lying above 76-6± 3-8% (range 70-80%).
There was no statistically significant difference between resting LVEF values for normals as defined by catheterization findings (62-2 ±9-4%, A'=386) vs. normal volunteers with low probability of disease (60-6 ±60%, JV=352). Furthermore, there were no significant differences in normal LVEF at rest in sex and age subgroups, except for subjects older than 60 years whose resting LVEF was 66-4±8-5% vs. 62-6±6-9% in patients less than 60 years (/"< 0-001) ( Table 1) . Most values reported were based on gated blood pool studies (85%) acquired over 4-4±l-0min using an automated computer algorhythm (70%) with a variable LV region of interest (91% of answers). There was no significant difference between normal values obtained with first pass or gated equilibrium techniques.
LEFT VENTRICULAR EJECTION FRACTION DURING EXERCISE
During exercise (supine in 67%) which had to be symptom-limited (24 of 25 answers) or at least attained 85% maximal heart rate (18 of 24 answers), a good consensus was found concerning a normal change in left ventricular function: EF had to increase >5 absolute EF percent over a normal resting value in 18 of 26 centres whereas 4 responders felt that a larger, 2 that a smaller increase and 2 that no fall below a normal resting value were normal criteria. Based on a study in 60 subjects with normal catheterization findings, one laboratory felt that due to the wide variation of EF responses to exercise, no 'normal' change could be defined' 7 ' but the data of this laboratory was included, too. The mean change in LVEF during exercise of 475 subjects was +80% (range 3-15%) ( Table 2 , Fig. 2 ). Normal volunteers with low probability of coronary artery disease increased their LVEF significantly more than subjects defined as normals based on normal coronary angiographic findings ( + 8-6 vs. +4-7%; /><0001). Similarly, the exercise-induced rise in LVEF was significantly larger in men than in women (+10-5 vs. +5-3%; / > <001). Finally, there was a gradual and significant decline of the rise in LVEF during exercise with age (P < 0001) ( Table 2 ). In 73% of responders who used the gated blood pool technique the data was acquired during a 2 min exercise period. There was good agreement that clearly submaximal exercise tests had to be interpreted cautiously, results being of questionable relevance. Only 14 of 26 responders felt that a LVEF of 75% at rest not changing during exercise was still a normal finding.
RIGHT VENTRICULAR EJECTION FRACTION AT REST
Normal values for RVEF were reported from 14 centres covering 365 subjects studied with first pass and equilibrium radionuclide techniques (in 7 centres each). Mean normal values at rest were 52-3% ranging between 47 and 59% with an average standard deviation of ±6-2% ( Table 3 ). The lower limit of normal was considered to be 40-7 ±3 1% (range 35-45%). Twenty-two of 26 responders are using visual interpretation of RV function alone or in addition to calculation of EF.
No significant differences between RVEF values at rest for normal subjects as defined by normal catheterization findings (510±50%, #=81) VS. normal volunteers with low probability of disease (490±50%, N=64) were found. Again, there 
were no significant differences in mean normal values assessed by first pass or equilibrium angiocardiographic techniques (52-1% vs. 52-3%) but no intra-patient or intra-centre comparative data were available. The same is true for age and sex subgroups, but here the groups were too small to draw definite conclusions (Table 3) .
RIGHT VENTRICULAR EJECTION FRACTION DURING EXERCISE
During exercise, RVEF is accepted to increase by at least 5 absolute EF percent over a normal resting value by most laboratories which quantitate RVEF routinely. In addition, RV function is generally assessed by visual interpretation of radionuclide data displayed in movie format (19 of 22 laboratories).
REPRODUCIBILITY OF MEASUREMENTS
Interobserver variability of LVEF for repeat analysis of the same data was small (range of lSD±l-4% to ±50%, mean ±2-6%; JV = 558) as was intraobserver variability (range of 1 SD ±10% to ±30%, mean ±2-3%; JV=548; Table  4 ). Variability of LVEF over time, i.e. in repeated acquisitions with an interval of 15 min to 14 days was good, too: ±3-6% (range of 1 SD ±1-6% to ± 100%; N= 164) resulting in a mean correlation coefficient for reproducibility of r = 0-95 (range r = 0-77 to r = 0-99) for EF values ranging from very low to high normal.
Inter-and intra-observer variability of RVEF was about 1 % larger than that for LVEF (Table 4) , resulting in a reproducibility of these measurements with /--values between 0-80 and 0-98 (mean 0-92).
REGIONAL LEFT VENTRICULAR FUNCTION/WALL
MOTION
Regional LV function or wall motion is assessed in all 28 centres by visual interpretation of cinefilms in movie-format. Only in 13 centres is regional EF calculated regularly and three centres use numerical values for comparison of rest/ intervention studies only. There was only a fair agreement regarding the method used to calculate regional EF: a majority of those answering use radial sectors from a centre of gravity or mass. Due to the different analyses applied it was not possible to reach a consensus on normal values for regional EF. It is noteworthy, however, that in six of seven laboratories with detailed results, regional function was lowest in the septal area as compared to infero-apical and posterolateral regions.
Discussion
As part of an attempt to describe the state of the art of radionuclide angiocardiography today, the spread of normal values used in 28 leading centres in the field of nuclear cardiology was compiled and analysed in this study. The observed range of normal values may serve as a guideline for future applications of this technique and help in comparisons of data obtained by these methods in different laboratories. Important factors influencing normal values, especially during exercise, were defined such as age, sex, selection of a normal population as well as the study protocol used. Although it has to be stressed that calculated mean normal values originating from different centres may be open to debate from a strictly statistical point of view, it seems that knowledge of the range of normal values observed world-wide is of considerable clinical importance. The large number of EF values collected which to our knowledge are unprecedented by any published analysis of normal haemodynamic data outweigh some of the inherent problems of such a multicentre investigation based on a questionnaire.
Based on the present survey, a world-wide consensus on the range of normal values for LVEF and RVEF could be obtained. According to these results and in the absence of clinical signs of heart disease, LVEF 3*50% (mean 62-3 ±6 1%) and RVEF =s40% (mean 52-3±6-2%) may be considered normal at rest; during symptom-limited exercise, an increase of at least 5 absolute EF percent over a normal resting value describe a normal change for both ventricles. These findings are valid only in the absence of any cardioactive medication. With the methodology used today, these values can be obtained with low variability and high reproducibility. Certain factors which may influence the normal range, especially during exercise, such as definition of normal, age, sex and study protocol used have to be recognized.
FACTORS INFLUENCING LEFT VENTRICULAR
FUNCTION
Subgroup analysis of LV (and RV) function at rest showed no significant differences regarding selection of normal subjects, gender and methodology used, except for subjects older than 60 years who had a somewhat higher LVEF than those below age 60. It seems most likely that this difference was due to the selection process which is probably most important in the older age group. The assurance of a basal state at rest with which exercise values can be compared appears to be important since the higher the EF at rest, the less its increase with exercise 171 . This point is underlined by the relatively large 'physiologic' variability of EF measurements over time described here and reported previously 1281 .
In contrast, during exercise significantly larger increases in LVEF measurements were found for men vs. women, for normal volunteers vs. subjects selected as 'normals' based on normal coronary angiographic findings and for younger v5. older subjects (Fig. 2) . A decline in the LVEF response to exercise with increasing age has recently been reported by Port and coworkers who found no change or even a decrease in the EF during exercise in most subjects above age 60 129 '. In the present pooled data a more gradual decline was noted and there was still a significant exercise-induced increase in LVEF in the age group >60 years. Possible mechanisms for this age-associated decrease in EF response to exercise include decreased contractility due to aging 1301 or silent myocardial disease which is more frequent at higher age 1311 , increased afterload with higher age 1321 , lower exercise heart rate 133 " 351 and lower maximal work load attained by older individuals' 361 . Unfortunately, the data base of the present investigation did not allow us to differentiate between these factors, but it has been demonstrated that LVEF is dependent on changing loading conditions of the heart 137 '. It should be noted, however, that the present findings parallel results of haemodynamic parameters such as maximal work capacity, oxygen consumption, cardiac output, stroke volume and left ventricular filling pressures during exercise in relation to age lio, 13.38.39) . The causes for the sex differences found in the present study remain speculative, too, but again, the differences parallel sex-related differences in maximal work capacity and haemodynamic variables reported 112 ' 40 ' 411 .
CHEST PAIN AND NORMAL CORONARY ANGIOGRAM
The EF response to exercise in patients with chest pain but angiographically normal coronary arteries represents another important issue. This group may represent an as yet undefined new pathophysiologic entity rather than 'true' normals. Berger et al. observed LV dysfunction despite normal resting performance in a substantial number of such patients with chest pain, an ischaemicappearing exercise electrocardiogram and normal coronary arteries' 42 '. Maddahi et a/.* 9 ' found objective signs of exercise-induced ischaemia more frequently in subjects with normal coronary arteriograms as compared with an alternative population with less than 1 % likelihood of coronary artery disease suggesting presence of disease despite normal coronary arteries. Such considerations may explain the significantly lower rise in EF during exercise found in the present study in subjects selected as normals based on a normal coronary angiogram vs. the higher increase in normal volunteers. This interpretation is supported by a follow-up study of angiographically normal subjects which demonstrated that incipient heart disease may be present in subjects in whom coronary angiographic examination has removed a previous suspicion of coronary artery disease 143 '. The selection process has also been shown to cause an apparent decline in specificity of exercise radionuclide angiocardiography in recently studied patients as compared with those studied when the technique was first introduced 1441 . Rozanski and coworkers' 441 felt that differences in the selection and definition of 'normal' individuals during the two time periods could account for differences in specificity (referral bias), since recently studied patients had a markedly higher pretest probability of coronary artery disease as opposed to those studied earlier.
NORMAL RIGHT VENTRICULAR FUNCTION
There is less data on RV function at rest and during exercise. We noted a good agreement in these normal values despite the different methods used. Although first pass radionuclide angiocardiography may be the preferred method to assess RVEF, the equilibrium technique seems to provide comparable normal values; the limits of this method might be more apparent in various disease states where the different cardiac structures may not be as easily separated as in normal subjects. A comparative validation of both techniques was, however, beyond the scope of this investigation. Reproducibility and variability of RVEF determination was somewhat worse than that for LVEF as assessed here and reported earlier 143461 , but still well within acceptable limits, most likely due to manually outlined RV regions-of-interest vs. observer-independent edge-detection programs used for LV regions' 47 '.
REGIONAL LEFT VENTRICULAR FUNCTION
No consensus could be reached for regional EF or shortening measurements due to the multitude of analyses used' 48 " 51 '. Therefore all responding centres still use a visual and subjective interpretation of wall motion disorders in addition to or instead of quantitative measurements. These differences in methodology between the various laboratories suggest that no one optimal solution has been described or accepted to date. It was interesting to note, however, that in 6 of 7 laboratories with detailed analyses, regional function of the left ventricle was lowest in the anteroseptal area as compared with the inferoapical and posterolateral regions, which may either be due to the left anterior oblique projection used for analysis or to the interaction with the right ventricle.
Conclusions
In conclusion, this investigation demonstrated that radionuclide angiocardiography is a highly reproducible method for the assessment of LVEF and RVEF. A world-wide consensus on the range of normal values at rest and during exercise could be reached based on pooled data of 1200 normal subjects. These normal values may serve as general guidelines for future applications of these techniques, but factors which may influence the normal range as defined and discussed in this study should be recognized.
